ABSTRACT
C
hildren undergoing fluoroscopy are exposed to ionizing radiation. Commonly used measures of tumor risk from this exposure are based on decades of observations in survivors from the regions surrounding Hiroshima and Nagasaki, as summarized in BEIR-VII. 1 However, a recent study 2 analyzing a national registry in the United Kingdom of Ͼ178,000 children who underwent CT scans reported a higher incidence of brain tumors and leukemia than would be expected on the basis of the BEIR data. For children undergoing neurointerventions, these results suggest that previous predictions may underestimate the actual rate of radiation-related tumor development.
We retrospectively analyzed our data base of radiation doses delivered to a cohort of children who underwent 355 cerebral angiograms and neurointerventions at a single high-volume pediatric cerebrovascular center. We converted the reported maximal skin dose (MSD) to an estimate of the range of brain-absorbed doses by use of previously derived age-based conversion factors. 3, 4 On the basis of recent data from the UK CT study, we then estimated the predicted risk of brain tumors in this cohort, related to the procedures that the children underwent. The radiation physicist at Boston Children's Hospital worked with a Siemens design engineer in 2005 to create examination-set protocols tailored to patient size (age) and body part, with fluoroscopy and DSA. This resulted in skin dose rate reductions up to 30% relative to standard configurations, depending on the type of examination and thickness of the patient. A dose data base was installed: Patient Exposure Management Network (PEMNET, Clinical Microsystems, Arlington, Virginia). PEMNET automatically captures the uncalibrated cumulative air kerma data at the end of each procedure and additionally captures C-arm angles of multiple projections used during a procedure, needed to estimate peak skin dose from cumulative air kerma. Before the implementation of PEMNET, radiation data were not consistently stored. During the time range, radiation dose information was available for 355 cases. Skin radiation dose can be calculated as follows:
Skin dose ϳ AK ϫ CF ϫ ISL ϫ BS, where AK ϭ displayed cumulative air kerma; CF ϭ calibration factor for displayed air kerma ϳ1; ISL ϭ inverse square law correction for entrance skin plane versus interventional reference point at which air kerma meter is calibrated, ϳ0.8; and BS ϭ backscatter factor, ϳ1.4 -1.45 for skull, depending on patient age. 5 CF is 1 Ϯ 5%, with appropriate annual measurement and adjustment by a medical physicist. Because the entrance plane of the patient's head positioned at isocenter is 5-9 cm from the interventional reference point, depending on patient size, ISL ranges from 0.75-0.85.
We tabulated the number of procedures undergone by each patient and the distribution of procedures by patient age ( Table  1) . The descriptive statistics for maximal skin radiation dose (in each plane and in total) and fluoroscopy time as a function of procedure type and as a function of the date of the study are summarized in Table 2 . MSD values in the frontal and lateral imaging planes were corrected for age by multiplying by the following scaling factors: for age Յ5 years, 1.12 for frontal plane, 2006 and June 2010 and 180 cases between July 2010 and June  2012 (Table 2) . Mean MSD and fluoroscopy time stratified by patient age are summarized in Table 3 . Cumulative MSD statistics, stratified by number of procedures, are summarized in Table 4 .
Using the conversion factors generated by mathematical modeling and the Radiation Doses in Interventional Radiology Procedures (RAD-IR) study data (in particular, Table 6 of Thierry-Chef  et al.) , 3, 4 we converted the maximal skin dose to estimates of absorbed brain dose. Absorbed brain dose varies widely (by a factor of 4 -8), depending on whether tight collimation and varying positions for the imaging system were used. Following the lead of the RAD-IR investigators, we accordingly report the brain-absorbed doses under the 2 conditions of tight and wide collimation separately (Tables 4 and 5 ).
We extrapolated the increased risk of brain tumors above the expected baseline, hereafter referred to as predicted risk, attributable to the absorbed brain dose in our cohort, by use of a linear no-threshold model and the values for excess relative risk per mGy exposure reported by the UK CT study investigators. 
Statistical Analysis
All analyses were performed at the patient level.
Regression. To assess the correlation between type of procedure(s) and cumulative radiation dose and the effect of patient age on that correlation, we developed an ordinary regression model with (cumulative) radiation dose as the outcome and procedure type, age, and number of procedures as the explanatory (independent) variables. For patients with multiple procedures, age at the last procedure was included. Procedure type was modeled as a categoric variable. For patients with 1 procedure, type ϭ 1 for angiogram and type ϭ 2 otherwise (implying embolization). For patients with multiple procedures, type ϭ 1 if all procedures were angiograms and type ϭ 2 otherwise. All statistical analysis was performed with the use of Matlab (MathWorks, Natick, Massachusetts) and R (www.r-project.org).
Estimation of Predicted Risk. In the absence of a clinical outcome (cancer) for this cohort, we estimated predicted risk for tumors based on the data in the UK study. 2 In that study, a linear relationship between relative risk and absorbed brain dose radiation was estimated, with slope of the fitted line 0.023 and intercept 1. Note that in our study, predicted risk was estimated on the basis of cumulative radiation doses, that is, at the patient level rather than at the case level. For patients who underwent only 1 procedure, case and patient radiation levels are identical. However, for patients who underwent multiple procedures, we were interested in cancer risk after cumulative exposure.
RESULTS
The 355 procedures in our data base with available radiation data were performed in 202 unique patients. Whereas the mean number of procedures per patient was 1.8, the underlying distribution was skewed, with most patients undergoing 1 procedure, 83% undergoing 2 or fewer procedures, and Ͻ3% undergoing 6 or Note:-Total number of procedures ϭ 355; total number of unique patients ϭ 202. Most patients underwent a single procedure, the vast majority underwent 3 or fewer, and a very small number underwent 5 or more. The mean age of the cohort was 9.7 years.
more procedures. The age range of our cohort was 4 days to 20 years, with a mean age of 9.7 years, and standard deviation (SD) of 5.8 years. The distribution of cases among patients and the breakdown of number of cases for each age cohort are presented in Table 1 . Although some pathologies such as brain AVM, pial fistulas, aneurysms, dural fistulas, and extracranial AVM or AVF were found in all age groups, particular conditions occurred exclusively in subsets of the cohort, such as vein of Galen malformation in the Ͻ1-year and 1-to 2-year age groups. At the doses received by our cohort, deterministic effects of radiation were nearly entirely absent, with a single case of transient hair loss (possibly related to scalp positioning) and a single case of transient scalp erythema.
As expected, the radiation dose associated with diagnostic cerebral angiography was significantly lower than that associated with embolizations, with the mean dose of the former Ͻ50% the mean dose of the latter (Table 2 ). When we split the cohort by date of procedure, with approximately equivalent numbers of procedures from September 2006 to June 2010 and from July 2010 to June 2012, there was a statistically significant decrease in mean total dose across all cases in the later cohort as compared with the earlier (P Ͻ .0001). When angiography and embolization procedures were examined separately, there was a statistically significant decrease in mean total dose for angiograms after July 2010 (P ϭ .04) but a statistically nonsignificant decrease in dose for embolizations (P ϭ .09). A nonparametric Wilcoxon rank sum test was used to test statistical significance.
On the basis of the regression analysis, procedure type and number of procedures were statistically significant predictors of radiation dose, and the effect of age at procedure was also statistically significant. The results of this analysis and model parameters are summarized in Table 7 . The model was overall statistically significant (P Ͻ .0001), with a coefficient of determination R 2 ϭ 0.67, which suggests an adequate fit to the data. Because of the differences in conversion factors for MSD to brain-absorbed dose as a function of age, the brain-absorbed dose showed greater differences across age groups (varying by a factor of Ͼ2.2) than did the MSD (Table 5 ). The highest mean brainabsorbed dose was in the Ͻ1-year-old subgroup, followed by the 1-to 2-year-old subgroup. In the case of tight collimation (Table  5 ), brain-absorbed doses dropped markedly in every age group, but the differences across age groups increased further (varying by a factor of 3.7).
Estimated predicted risk, as a function of age at last exposure, is shown in Fig 1 ( for small and large radiation field conditions; top and bottom, respectively), along with the fitted regression line. There was no clear correlation between projected relative risk and age at last exposure for large uniform field conditions. There was a statistically significant relationship between age at last exposure and projected relative risk under small nonuniform field conditions (on the basis of a linear regression model for risk as a function of age, b ϭ Ϫ0.08, P ϭ .001, Wald statistic ϭ 10.8). There was no statistically significant relationship between projected relative risk and age under large uniform field conditions (b ϭ Ϫ0.087, P ϭ .33). The distribution of predicted risk for our cohort is shown in the histogram in Fig 2. Although for most patients (ϳ80%) predicted risk was in the range of 1-2 times baseline for small field conditions and 1-5 times baseline for large field conditions, for ϳ20% of patients, predicted risk was substantially higher: 3-15 times baseline for small field conditions and 9 -57 times baseline for large field conditions.
Finally, we also examined predicted risk as a function of age, separately, only for the subset of patients with 1 procedure, under both field conditions (Fig 3) . There was a statistically significant relationship between age at exposure and predicted risk for small nonuniform field conditions (b ϭ 0.012, P ϭ .004, Wald statistic ϭ 8.58). There was no statistically significant relationship between age at exposure and projected risk for large uniform field conditions (b ϭ 0.018, P ϭ .11).
DISCUSSION
Several recent studies have documented the overall procedural safety of cerebral angiography in children at high-volume centers. 6, 7 However, both diagnostic cerebral angiography and transcatheter cerebral interventions are performed under fluoroscopic visualization, and as such, unavoidably expose patients to ionizing radiation. Children are more vulnerable to deleterious effects from radiation than are adults, with increasing vulnerability at younger ages. Neurointerventions, with their inherent risk, are complex and lengthy and are associated with prolonged periods of fluoroscopic exposure to patients. Thus, outside of patients undergoing radiation therapy procedures, children who undergo neurointerventions are potentially at greatest risk of having iatrogenic adverse effects from ionizing radiation.
Although we focus here on the stochastic effects of incident radiation, we did find an extremely low incidence of deterministic adverse events relatable to radiation, with only 2 deterministic adverse events, both transient, in the total cohort.
The most detailed and careful prior study of pediatric radiation doses from neurointerventions (in 49 children) was performed 3,4 as a subset of the larger RAD-IR study. [8] [9] [10] The investigators described the maximal skin dose delivered, calculated probable absorbed brain doses, and predicted the expected increase in incidence of brain tumors as a result of this exposure. The MSD and brain-absorbed doses that we report here are substantially lower than those reported for the 49 children who underwent neurointerventions in RAD-IR, probably a reflection both of technological improvements in the time since that earlier study, and of our fluoroscopy parameters, highly optimized for procedures in children. 3, 4 After splitting the cohort into 2 approximately equal subsets by date of procedure, we found that the radiation dose in the more recent subset was markedly lower for the set of procedures per- formed in the last 2 years. There was a statistically significant decrease in total radiation dose for these procedures, as well as specifically for angiograms in the last 2 years, but no statistically significant decrease in embolization doses. Because there were no changes in hardware or software during this time range that could explain this diminution in radiation dose, this change over time may relate to progressively increased attention paid to radiation dose by the primary operator (D.B.O.), with ongoing time at a dedicated pediatric facility. Most embolization procedures are already tightly focused, with angiography performed in the target vessels before and after the embolization and with relatively little flexibility for performing fewer angiographic runs. Diagnostic angiography, on the other hand, allows the pediatric practitioner significant latitude in terms of limiting what vessels are injected, how many views are obtained, and so forth.
Comparing the Ͻ1-year cohort with the 13-to 17-year cohort in Table 3 shows that whereas fluoroscopy time was markedly higher in infants, MSD was much lower; this effect is largely caused by the small body size of the youngest patients. Additionally, fewer DSA runs tend to be performed in the infants, as road-mapping and other image-store techniques are maximally utilized.
It is likely that some of the differences in MSD with stratification by age (Table  3) result from particularities of the pathology seen at various ages. For example, the 3-to 7-year and 8-to 12-year cohorts, which had the lowest MSD, are notable for a preponderance of Moyamoya cases, in nearly all of which the procedure performed was diagnostic angiography, either before surgery or at 1-year postsynangiosis follow-up, rather than embolizations.
In shifting the focus from MSD to brain-absorbed dose (Tables 4 and 5 ), the highest doses were seen in the youngest patients (Ͻ1 year), followed by the nextyoungest cohort (1-2 years). Thus biologic factors, such as low skull thickness and attenuation in the youngest patients, resulting in brain absorption of a very high fraction of the radiation incident on the skin, are the key operative determinants of radiation dose delivered to the brain. The degree of increase in lifetime relative risk of development of brain tumor reported here is higher than has been previously reported. Some prior reports of only minimally increased risk 11 were marred by the conversion of measured radiation dose to effective dose, a unit designed for assessing risk from whole-body radiation dose on the part of radiation workers or victims of environmental disasters. However, even methodologically sound prior reports, such as the RAD-IR study, found lower predicted risk than we report here (a median of 1.3-2.7 times baseline risk, depending on collimation), with their estimate of predicted risk, even for the large collimation condition, being 1.4 times baseline. 3 This discrepancy with our results is explained by the reliance on the part of prior investigators on the BEIR data for translation from radiation dose to tumor risk. However, the BEIR data reflect the condition of whole-body environmental exposure. In contrast, the projected risk we report here is based instead on the UK CT study 2 ; in CT, patients undergo focal deposition of radiation to the target organ, as occurs as well during neurointerventions. The UK investigators reported a mean value of excess relative risk of 0.023/mGy, independent of age, in accord with a linear model of risk dependence on dose.
The BEIR investigators found increased risk of solid tumors of many types in various organs after whole-body exposure in atom bomb survivors. In focusing on the induction of brain tumors after head CT, the UK investigators found a positive (and independent) association between the scans and 2 categories of tumors: gliomas and meningiomas/schwannomas. 2 In terms of timeframe, the induction of solid tumors can span decades; the age range of patients included in the UK CT study was 6 -45 years, and the maximal follow-up period was 23 years.
Several operator-dependent variables can dramatically reduce radiation dose, as seen by contrasting the wide-field uncollimated condition with the tightly collimated condition (ie , Tables 4 and 5) . However, although, like the RAD-IR investigators, we do not have specific data on FOV size in our cohort, the ability to tightly collimate the FOV in neurointerventions is offset by the need to see critical surrounding vascular anatomy. Thus, most intracranial interventions probably approximate the wide-field condition. As mentioned, our system has been highly optimized to minimize radiation dose, with attention paid to technical factors, such as use of pulsed fluoroscopy, aggressive filtration, automated dose rate control, minimization of the air gap between patient and detector, maximal use of image-hold technologies (such as the overlay mode and care position for the Siemens system), and the use of age-and sex-specific lead shields, from the outset of this study. One important limitation of our study is the relatively small sample size. In particular, the number of patients who underwent repeated neurointerventional procedures is small. Although we have projected risk values for this subset, they may not necessarily be representative of the population as a whole. Although our center is a high-volume tertiary pediatric cerebrovascular referral site, most conditions leading to neurointerventional procedures in children are rare, and a multi-institutional, national, or international data collection effort will be needed to materially increase the size of the cohort.
The predicted stochastic risk associated with neurointerventions in children undergoing multiple procedures we report here is sobering. Although most patients in our cohort underwent only 1 procedure, nearly one-third of the cohort underwent 2-3 procedures, and a smaller fraction underwent many more (Table 1) . Although there may be some benefit to divided doses as compared with larger, single-procedure doses though mechanisms such as adaptive response, 12 this has yet to be explicitly demonstrated, and thus it may be assumed that the predicted risk across procedures is approximately additive.
CONCLUSIONS
All children undergoing neurointerventions face conditions that are life-threatening or that pose a risk of severe neurologic impairment, and thus the risk-benefit ratio impels treatment. However, Projected relative risk as a function of age at (last) exposure, under nonuniform (top) and uniform (bottom) field conditions, for subjects with only 1 procedure and thus no cumulative radiation exposure caused by multiple procedures. Median projected risk was 1.2 (mean ϭ 1.31, SD ϭ 0.37; range, 1.0 -3.48) for small nonuniform field condition and 2.03 (mean ϭ 2.6, SD ϭ 2; range, 1.02-15.32) for large uniform field conditions. in cases in which there are few data to buttress multiple repeated interventions, such as staged embolization of highly complex brain AVMs with the goal of reducing flow rather than achieving definitive cure, the lifetime risks of radiation dose in children must be added to the procedural risks of vascular injury. Particularly in the youngest patients, it behooves the practitioner to weigh the risk of radiation dosage in comparing treatment alternatives and in determining the number of acceptable rounds of neurointerventional procedures. These data support the importance of developing alternative, nonfluoroscopic approaches for treating children, such as MR-based procedures.
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